The inhibitory effects of fifteen chitosans with different degrees of polymerization (DP) and different degrees of acetylation (F A ) on the growth rates (GR) of four phytopathogenic fungi (Alternaria alternata, Botrytis cinerea, Penicillium expansum, and Rhizopus stolonifer) were examined using a 96-well microtiter plate and a microplate reader. The minimum inhibitory concentrations (MICs) of the chitosans ranged from 100 µg × mL -1 to 1,000 µg × mL -1 depending on the fungus tested and the DP and F A of the chitosan. The antifungal activity of the chitosans increased with decreasing F A . Chitosans with low F A and high DP showed the highest inhibitory activity against all four fungi. P. expansum and B. cinerea were relatively less susceptible while A. alternata and R. stolonifer were relatively more sensitive to the chitosan polymers.
INTRODUCTION
Chitin and chitosan are aminoglucopyranans composed of Nacetylglucosamine (GlcNAc) and glucosamine (GlcN) residues, and are renewable resources currently being studied by academic and industrial groups (29) owing to their attractive properties and biological activities. Chitosans have been indicated for the preservation of foods (5, 34) juices (32) and other material from microbial deterioration due their action against different groups of microorganisms, such as bacteria (14, 15, 21, 35) , yeast and fungi (1, 3, 4, 8, 9, 16, 18, 25, 28, 30, 33, 37, 42) . Studies on coating of fruits and vegetables (6, 10, 11, 12, 13, 17) and defensive plant mechanism studies (39) have been described. However, most studies describing inhibitory effects on the growth of microorganisms involved poorly characterized chitosans or only one or a few different degrees of polymerization (DP) and fractions of acetylation (F A ) of chitosans (3, 6, 8, 9, 10, 11, 13, 25, 33) . Thus, important information is lacking on the influence of DP and F A on the biological activity of chitosans against fungi of economic importance for post-harvest losses of fruits and vegetables. The phytopathogenic fungi evaluated in this study B.
cinerea, P. expansum, R.stolonifer, and A. alternata, are responsible for strawberry (6, 9, 10) , cucumber and bell pepper (11, 12) , pear (22) , apple (7) , wheat (23) , and tomato (3, 33) losses.
Growth of filamentous fungi is usually measured as an Table 1 . Average degree of polymerization (DP) and fraction of acetylation (F A ) of chitosans (Group I) without treatment (A) and thermally treated for 3 and 10 h (B and C) and chitosans (Group II) obtained by partial alkaline deacetylation of chitin (D and E) and chitosans (X 1 to X 6 ) generated by partial 
Microorganisms and cultivation
A. alternata (CCT 2816), P. expansum (CCT 4680), and R. stolonifer (CCT 2002) All chitosan samples and concentrations tested against the phytopathogenic fungi used in this study are listed in Chitosans from Group I and from Group II were tested against all fungi studied and A. alternata and B. cinerea, were selected for further experimentation using Group III and Group IV chitosans. Therefore the antifungal activities of all chitosans were tested against A. alternata and B. cinerea, but only five chitosans were tested against P. expansum and R. stolonifer.
Scanning electron microscopy (SEM)
Scanning electron microscopy was carried out according to Melo and Faull (24) . In case of control suspension the hyphae were removed from the media by using a clamp and the suspension treated with chitosans was filtered in Millipore PTFE hydrophilic membrane, pore size 0.45m and =13mm 
RESULTS
The growth curves (GC) of the filamentous fungi R. 
DISCUSSION AND CONCLUSIONS
We have previously adapted the microtiter plate technique in our laboratory to study the antimicrobial activity of chitosan against plant pathogenic bacteria and fungi, now it has been The effect of DP is less unambigious. Group I chitosans with a low F A and spanning a DP range from 45 to ca. 1,400
clearly demonstrate that the antifungal activity increases with decreasing molecular weight. This is in accordance with our previous study (27) where the same trend was clearly seen with a series of polyglucosamines spanning a DP range from 20 to 2,500. However, when comparing the activities of chitosans of Group III and Group IV chitosans, the high DP chitosans (Group IV) were clearly more active than their low DP counterparts. The DP-dependent difference in inhibitory activity was more pronounced the higher the F A of the chitosans in both studies. Considering this, we think that there is a possibility that the DP dependency of the inhibitory activity of chitosans changes with F A , while highly deacetylated chitosans exhibit their inhibitory activity best as small to medium sized polymers, the inhibitory activity of highly acetylated chitosans may be highest at very large polymer sizes. We are currently generating a series of chitosans Inhibition of phytopathogenic fungi by chitosans with a constant high F A and spanning a DP range from small to very large polymers to investigate this possibility.
The relationship between DP of chitosans and chitooligosaccharides and their antifungal activity has been investigated in some studies (3, 16, 25, 26, 28, 37, 38, 42) . Few studies reported on the effect of F A on the antifungal activity of chitosans, and even fewer on combined effects of both parameters (28) .
Oligosaccharides of DP 9 and DP 14 which had been prepared by nitrous acid depolymerization of chitosan were active against Leptographium procerum and Sphaeropsis sapinea, but not against Trichoderma harzianum, while oligomers of DP 5 were inactive (37) . On the other hand, stolonifer and high-DP chitooligosaccharides (DP ≤ 12)
showed initially inhibitory effects. However, the complete inhibition for all fungi was not obtained by using chitooligosaccharides. In contrast, as reported in our present study, A. alternata, B. cinerea e R. stolonifer were completely inhibited and growth reduction for P. expansum was observed by high-DP chitosans (DP 45 to 2,608). Higher antibacterial activity of chitosan compared with chitosan oligomers also was reported by several workers (32, 34, 38) .
The novelty of our studies is that the antimicrobial activities of a very wide variety of chitosans against different fungi, including species belonging to different taxonomic groups, namely is described here. While the growth of all of them was inhibited to some extent by the presence of chitosans, their sensitivity varied greatly. However, the relative antifungal activities of different chitosans were similar for all fungi studied, so that a general mechanism appears to be responsible for the observed growth inhibition.
The exact mechanism by which the higher chitooligosaccharides and chitosans exert antimicrobial activity is unknown. Based on the other author´s observation that the fungistatic activity is higher at lower pH, it was assumed that the toxicity is correlated, besides to optimum DP, to the cationic charge of the oligosaccharides (37) . Our studies indicate that reasons also can be important for the growth rate inhibitions, i.e. enzymatic uptake of simple carbohydrates by permeases could temporally be blocked by the presence of the large oligosaccharides (27) . Several fungi systems however, 
